1. Introduction {#s0005}
===============

Extracellular ATP exerts a variety of biological actions by activating purinergic P2 receptors. Two types of P2 receptors, ligand-gated P2X ion channels and G protein-coupled P2Y receptors, have been identified [@ref1; @ref2]. The P2X7 receptor (P2X7R) is a member of the P2X subfamily, and its activation by ATP opens cation channels that are permeable to several cations such as K^+^, Na^+^, and Ca^2+^. Although ATP is considered to be a selective endogenous ligand of P2X7R, P2X7R has low affinity for ATP, and thus, high concentrations of ATP (in the mM range) are necessary to induce P2X7R-dependent cellular responses *in vitro* [@ref3].

Since P2X7R is abundantly expressed in monocyte/macrophage-lineage cells, its functions are implicated in the regulation of the innate immune system [@ref4]. In particular, P2X7R plays a key role in the activation of the inflammasome and the subsequent production and release of the bioactive form of interleukin-1β (IL-1β), a potent inflammatory cytokine [@ref5]. Functional expression of P2X7R has been detected in monocytes/macrophages obtained from various animal species including humans [@ref6], rodents [@ref3], dogs [@ref7], and bovines [@ref8], but so far it has not been detected in swine (*Sus scrofa*).

A previous study showed the functional expression of P2X7R in swine ovarian theca cells [@ref9]. In this study, to understand the role of P2X7R in the innate immune defense of swine, we aim to study the expression and function of P2X7R in swine macrophages, which were obtained from mixed primary cultures of swine kidney or liver tissues [@ref10]. Despite the presence of P2X7R mRNA and protein, extracellular ATP failed to induce P2X7R-dependent cellular responses in the swine macrophages. This suggests that ATP does not sufficiently activate P2X7R in swine macrophages cultured *in vitro*.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

ATP, BzATP, lipopolysaccharide (LPS), LPC (1-palmitoyl-sn-glycero-3-phosphocholine), and bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO). A438079 was purchased from Tocris (Bristol, UK). Biotinylated anti-mouse IL-1β (BAF401) and anti-swine IL-1β (BAF681) antibodies were purchased from R&D Systems (Minneapolis, MN). Horseradish peroxidase (HRP)--streptavidin conjugate was purchased from Zymed (South San Francisco, CA). Anti-P2X7R rabbit polyclonal (Epitope: KIRKEFPKTQGQYSGFKYPY from the C-terminus of rat P2X7R, mouse-18/20 and swine-15/20 residues identical) and goat polyclonal (Epitope: YETNKVTRIQSMNY from the N-terminus of human P2X7R, mouse-13/14 and swine-14/14 residues identical) antibodies were purchased from Alomone Labs (Jerusalem, Israel) and Covalab (Villeurbanne, France), respectively. Anti-actin mouse monoclonal antibody was purchased from Chemicon International (Temecula, CA). HRP-conjugated rabbit anti-goat, goat anti-rabbit, and goat anti-mouse immunoglobulins antibodies were purchased from ICN Pharmaceutical, Inc. (Aurora, OH).

2.2. Swine kidney tissue dissociation and primary culture {#s0020}
---------------------------------------------------------

Swine neonates (1--14-days-old crossbred pigs) were obtained from the animal facility at the National Institute of Livestock and Grassland Science, according to the institutional guidelines for animal experiments. After anesthesia had been induced and the animals had been euthanized, their kidneys were dissected out. After the removal of the fibrous renal capsule, the renal cortex was cut into small pieces, and the tissue pieces (3--5 g) were then forced through a nylon mesh (pore size: 500 µm) in phosphate-buffered saline (PBS) using a scraper. The minced tissue was digested by incubation with collagenase--dispase (Roche Diagnostics, Basel, Switzerland)/PBS solution (1 mg/ml) containing DNase I (Roche) (40 µg/ml) for 1 h at 37 °C. Then, the digested tissue fragments were collected and re-suspended in growth medium composed of Dulbecco's modified Eagle's medium (Sigma) containing 10% heat-inactivated fetal bovine serum (Sanko Junyaku Co., Ltd., Tokyo, Japan), supplemented with 100 µM β-mercaptoethanol (Sigma), 10 µg/ml insulin (Sigma), 100 µg/ml streptomycin (Life Technologies, Carlsbad, CA), 100 U/ml penicillin (Life Technologies), and 5 µg/ml Fungin (InvivoGen, San Diego, CA). The cell suspension was split into 10 T-75 tissue culture flasks (Sumitomo Bakelite Co., Ltd., Tokyo, Japan) and cultured at 37 °C in a humidified atmosphere of 95% air/5% CO~2~. The culture medium was replaced every 3--4 days. After the cells had been cultured for 2--3 weeks, the cultured cells were harvested by treatment with Accumax™ (Innovative Cell Technologies, Inc., San Diego, CA), suspended in Cell Banker 1 (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan), and kept frozen in liquid nitrogen for 1--5 months (the cells from each T-75 flask were stored in the same cryotube).

2.3. Isolation of macrophages from swine kidney mixed culture {#s0025}
-------------------------------------------------------------

The frozen swine kidney cells stored in each cryotube were rapidly thawed at 37 °C and split into three or five T-75 flasks. After being cultured for 7--10 days, a mixed monolayer cell sheet formed, and macrophage-like cells began to actively proliferate on the cell sheet. The proliferating macrophage-like cells were loosely attached to the cell sheet, and large numbers of macrophage-like cells (1×10^5^--1.5×10^6^ cells/T-75 flask) were harvested from the culture supernatant by centrifugation (1500 rpm for 5 min) every 3--4 days for 1--2 months.

2.4. Immunocytochemistry {#s0030}
------------------------

Immunocytochemical analyses were performed as described previously [@ref10; @ref11]. Primary antibodies against cytokeratin 18 (CK18; Millipore Co., Billerica, MA), cytokeratin 19 (CK19; Progen, Heidelberg, Germany), α-smooth muscle actin (SMA; Progen), macrophage scavenger receptor MSR-A:CD204 (KT022; TransGenic, Inc., Kumamoto, Japan), Iba 1 (Wako Pure Chemical Industries, Ltd, Osaka, Japan), and CD172a (VMRD, Inc., Pullman, WA) were used.

2.5. Isolation of macrophages from swine liver mixed culture {#s0035}
------------------------------------------------------------

Macrophages were also isolated from a mixed primary culture of swine liver tissue, as described previously [@ref10].

2.6. Isolation and immortalization of mouse kidney-derived macrophages {#s0040}
----------------------------------------------------------------------

Mouse kidney macrophages were isolated from a mixed primary culture of C57BL/6 mice kidney cells according to the protocol used to isolate macrophages from the swine kidney tissue, before being immortalized by retroviral transduction of human *c*-*myc*, as described in our previous studies [@ref12]. The clonal macrophage cell line (KM-1) was established and routinely cultured with growth medium.

2.7. Reverse transcription-polymerase chain reaction (RT-PCR) analysis {#s0045}
----------------------------------------------------------------------

RT-PCR analyzes were performed as described previously [@ref13], with minor modifications. The following oligonucleotide primers were used: mouse P2X7R (NM011027): sense, 5′-GACAAACAAAGTCACCCGGAT-3′, and antisense, 5′-CGCTCACCAAAGCAAAGCTAAT-3′; swine P2X7R (XM001926804): sense, 5′-GACAAACAAAGTCACCCGGAT-3′, and antisense, 5′-CTTGTCACTCACCAAAGCAAAG-3′; swine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (NM001206359): sense, 5′-TCACCAGGGCTGCTTTTAAC-3′, and antisense, 5′-GATCTCGCTCCTGGAAGAT-3′. The amplified DNA fragments derived from mouse P2X7R, swine P2X7R, and swine GAPDH mRNA were 101, 106, and 192 bp (bp) long, respectively. A mouse β-actin primer (\#G5740, Promega, Madison, WI) was also used, and the resultant 285 bp DNA fragment was amplified.

2.8. Measurement of the intracellular Ca^2+^concentration (\[Ca^2+^\]~i~) {#s0050}
-------------------------------------------------------------------------

The cells were re-suspended in HEPES-buffered salt solution (HBSS; 145 mM NaCl, 2.5 mM KCl, 1 mM MgCl~2~, 1.8 mM CaCl~2~, 20 mM HEPES, 10 mM glucose, and 0.01% BSA; pH 7.4), and the \[Ca^2+^\]~i~ was measured at 30 °C by monitoring fura-2 fluorescence at 500 nm \[excitation wavelengths of 340 (F340) and 380 nm (F380)\] as described previously [@ref12; @ref13]. The ratio of the fluorescence intensities observed at the two above mentioned wavelengths (F340/F380) was used as an indicator of the \[Ca^2+^\]~i~. One milliliter of cell suspension containing 5×10^5^ cells was used in each set of experiments.

2.9. Immunoblotting {#s0055}
-------------------

The cells (3×10^5^/well in 24-well plate) were primed with or without 1 µg/ml LPS for 4 h, and then the medium was replaced with 250 µl HBSS or Ca^2+^/Mg^2+^-free HBSS (Ca^2+^/Mg^2+^-free buffer) containing the indicated test reagents. After incubation at 37 °C for 30 min, the supernatants were collected, and the cells were lysed with 200 µl ice-cold lysis buffer, before IL-1β, P2X7R or actin was detected using immunoblotting, as described previously [@ref14]. The target protein was revealed using ImmunoStar LD (Wako) and detected using a c-Digit Blot Scanner (LI-COR, Inc., Lincoln, NE).

2.10. Dye uptake assays {#s0060}
-----------------------

YO-PRO-1 or propidium iodide (PI) dye uptake was monitored in live cells cultured in HBSS at 37 °C using a fluorescence microscope and time-lapse recording, as described previously [@ref14].

3. Results and discussion {#s0065}
=========================

3.1. Characterization of swine kidney-derived macrophages {#s0070}
---------------------------------------------------------

Immunostaining demonstrated that almost all of the cells isolated from the mixed primary culture of swine kidney tissue were positive for macrophage markers (KT022, Iba-1, and CD172a), but negative for epithelial (CK18 and CK19) and mesenchymal (SMA) cell markers ([Fig. 1](#f0005){ref-type="fig"}A). The proportions of contaminating epithelial and mesenchymal cells comprised less than 1% by cell counting after immunostaining, suggesting that the purity of the macrophages was more than 99%. Semi-quantitative RT-PCR analyses were also performed to investigate the expression of P2X7R. In the KM-1 cells, an amplified 101-bp DNA fragment derived from mouse P2X7R mRNA was detected after 35 and 40 PCR cycles, but not after 30 PCR cycles ([Fig. 1B](#f0005){ref-type="fig"}). Similarly, an amplified 106-bp DNA fragment derived from swine P2X7R mRNA was detected in the swine kidney macrophages after 35 and 40 PCR cycles ([Fig. 1B](#f0005){ref-type="fig"}). These findings suggest that the expression level of P2X7R mRNA in swine kidney macrophages is comparable to that seen in KM-1 cells.

Furthermore, the expression of P2X7R protein in KM-1 cells or swine kidney macrophages was confirmed by immunoblotting using two different anti-P2X7R antibodies ([Fig. 1C](#f0005){ref-type="fig"}). Anti-P2X7R Alomone antibody is known to react with mouse P2X7R despite a 90% homology with its epitope peptide [@ref15]. However, this antibody failed to recognize swine P2X7R, possibly due to the lower (75%) sequence homology with the epitope peptide. Conversely, anti-P2X7R Covalab antibody recognized swine P2X7R (100% identical with its epitope peptide), while did not recognize mouse P2X7R (93% identical). Although the reason why Covalab antibody did not react with mouse P2X7R in our experimental conditions is unclear, this may be due to the use of relative lower antibody concentration (0.5 µg/ml) for immunoblotting. Further experiments are required to optimize the reaction conditions for the detection of mouse P2X7R by immunoblotting with Covalab antibody. Although several pro-inflammatory stimuli are reported to modulate P2X7R expression [@ref16], LPS-priming did not affect the protein expression level of P2X7R in KM-1 cells and swine kidney macrophages ([Fig. 1C](#f0005){ref-type="fig"}).

3.2. ATP did not induce a sustained increase in the \[Ca^2+^\]~i~ of swine kidney macrophages {#s0075}
---------------------------------------------------------------------------------------------

Previous studies have demonstrated that millimolar concentrations of extracellular ATP induce sustained Ca^2+^ influx *via* the activation of P2X7R, while micromolar concentrations of ATP induce transient increases in the \[Ca^2+^\]~i~ by activating other types of P2 receptor [@ref12]. Indeed, in the mouse KM-1 cells ATP induced a sustained increase in the \[Ca^2+^\]~i~ at a concentration of 4 mM, while it only induced a transient \[Ca^2+^\]~i~ increase at a concentration of 0.5 mM ([Fig. 2](#f0010){ref-type="fig"}A). BzATP, a potent P2X7R agonist, also induced a sustained increase in the \[Ca^2+^\]~i~ of the KM-1 cells ([Fig. 2A](#f0010){ref-type="fig"}). Pretreatment with A438079, a selective antagonist of P2X7R, clearly blocked the sustained \[Ca^2+^\]~i~ increases induced by ATP and BzATP ([Fig. 2A](#f0010){ref-type="fig"}), suggesting that P2X7R activation is involved in the \[Ca^2+^\]~i~ increases induced by ATP.

In contrast, no sustained \[Ca^2+^\]~i~ increase was observed in the swine kidney macrophages stimulated with 4 mM ATP or 0.5 mM BzATP ([Fig. 2B](#f0010){ref-type="fig"}), suggesting that these treatments did not sufficiently activate P2X7R in the swine kidney macrophages. An LPC-induced sustained \[Ca^2+^\]~i~ increase was detected in the swine kidney macrophages ([Fig. 2B](#f0010){ref-type="fig"}), which occurred in a P2X7R-independent manner [@ref13]. In addition, ADP, a selective agonist of P2Y receptors, induced a transient \[Ca^2+^\]~i~ increase, and pretreatment with ADP desensitized the Ca^2+^ response of the swine kidney macrophages to 4 mM ATP ([Fig. 2C](#f0010){ref-type="fig"}). This suggests that the \[Ca^2+^\]~i~ changes induced by ATP are mediated by P2Y receptors, but not by P2X7R, in swine kidney macrophages.

3.3. ATP did not induce IL-1β maturation and release, or membrane pore formation in swine kidney macrophages {#s0080}
------------------------------------------------------------------------------------------------------------

We next examined whether extracellular ATP triggers the production and release of mature IL-1β (mIL-1β) in LPS-primed swine kidney macrophages. In response to LPS pretreatment, the 33-kDa precursor form of IL-1β (pro-IL-1β) was synthesized and accumulated in the cytosol of both the mouse KM-1 cells and swine kidney macrophages ([Fig. 3](#f0015){ref-type="fig"}A, lysates, second and fourth panels). Additional stimulation with ATP triggered the production and release of the 17-kDa form of mIL-1β in the LPS-primed KM-1 cells ([Fig. 3A](#f0015){ref-type="fig"}, sup, first panel). The ATP-induced release of mIL-1β from these cells was enhanced when they were incubated in Ca^2+^/Mg^2+^-free buffer ([Fig. 3A](#f0015){ref-type="fig"}, sup, first panel) because these divalent cations steadily suppress the functions of P2X7R by directly modulating it [@ref17]. Conversely, the ATP-induced release of mIL-1β from the KM-1 cells was inhibited by co-treatment with A438079 ([Fig. 3B](#f0015){ref-type="fig"}, sup). In contrast, no production or release of mIL-1β was detected in the LPS-primed swine kidney macrophages treated with ATP, even those incubated in Ca^2+^/Mg^2+^-free buffer ([Fig. 3A](#f0015){ref-type="fig"}, sup, third panel).

The prolonged activation of P2X7R by ATP causes membrane pore dilation followed by cytolysis in monocytes/macrophages. Thus, we examined whether ATP triggers membrane pore formation in swine kidney macrophages. To this end, P2X7R-mediated pore formation and the resultant cytolysis were assessed using YO-PRO-1 and PI uptake, respectively. In LPS-primed mouse KM-1 cells, stimulation with 4 mM ATP elicited maximum YO-PRO-1 uptake within 20 min, which preceded PI uptake ([Fig. 3C](#f0015){ref-type="fig"}). However, no ATP-induced YO-PRO-1 or PI uptake was observed in the LPS-primed swine kidney macrophages ([Fig. 3C](#f0015){ref-type="fig"}). The data also suggest that cationic dyes (YO-PRO-1 and PI) do not pass through plasma membranes even after ATP stimulation. Given the presence of separate P2X7R-mediated permeation pathways for cationic and anionic dyes [@ref18], it still remains unclear whether the anionic dyes are taken up on ATP stimulation in LPS-primed swine kidney macrophages.

3.4. ATP did not induce P2X7R-mediated cellular responses in swine liver-derived macrophages {#s0085}
--------------------------------------------------------------------------------------------

We further tested the effect of extracellular ATP in swine liver-derived macrophages. ATP-induced P2X7R-mediated sustained Ca^2+^ influx ([Fig. 4](#f0020){ref-type="fig"}A), and the maturation and release of IL-1β (B) were also not observed in swine liver macrophages despite the presence of P2X7R mRNA (C) and protein (D).

3.5. Conclusion {#s0090}
---------------

ATP-induced P2X7R-mediated cellular events, such as sustained Ca^2+^ influx, the maturation and release of IL-1β, and membrane pore formation, were not observed in swine kidney and liver-derived macrophages stimulated with ATP despite the fact that they express P2X7R mRNA and protein. The data raise the possibility that P2X7R is non-functional in these swine macrophages at least under the culture conditions used in the present study, although amino acid sequence of swine P2X7R is 88% and 79% similar to the sequences of human and mouse P2X7R, respectively.

The precise mechanisms explaining the non-responsiveness of P2X7R to ATP in swine macrophages remain to be elucidated. Since the functional expression of P2X7R has been reported in swine ovary theca cells [@ref9], this may be due to differences in tissue and/or cell types. It is also likely that the presence of alternative splice variants of P2X7R may be related to the non-functional expression of P2X7R in swine macrophages. In fact, several P2X7R splice variants have been defined in human and rodents [@ref19; @ref20]. Although we have confirmed the expression of full length of swine P2X7R by immunoblotting (around 75-kDa band in [Figs. 1C and 4D](#f0005 f0020){ref-type="fig"}) and DNA sequence analysis of 1785 bp amplified product obtained by RT-PCR (data not shown), future experiments will be required to determine whether other P2X7R splice variants are expressed in swine macrophages. Given the importance of P2X7R in innate immune defense in various animal species, our findings might provide new insights into the regulation of the innate immune system in swine.
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![Characterization of swine kidney macrophages. Macrophage-like cells that had been isolated from a mixed primary culture of swine kidney tissue were found to be positive for macrophage markers (KT022, Iba1, and CD172a), but negative for epithelial (CK18 and CK19) and mesenchymal (SMA) markers (A). P2X7R mRNA expression was detected in the mouse KM-1 cells and swine kidney macrophages by RT-PCR (B). P2X7R protein expression was detected in KM-1 cells and swine kidney macrophages by immunoblotting using anti-P2X7R rabbit polyclonal (Alomone) and goat polyclonal (Covalab) antibodies, respectively (C). Equivalent protein loading in each lane was confirmed by immunoblotting with anti-actin antibody (C). All data shown are representative of two or three independent experiments.](gr1){#f0005}

![P2X7R-mediated sustained Ca^2+^ influx was not observed in the swine kidney macrophages. P2X7R agonists (ATP and BzATP) triggered sustained increases in the \[Ca^2+^\]~i~ of the mouse KM-1 cells (A), but not in those of the swine kidney macrophages (B). Pretreatment with A438079 blocked the sustained \[Ca^2+^\]~i~ increases seen in the KM-1 cells (A). LPC triggered a sustained increase in the \[Ca^2+^\]~i~ of the swine kidney macrophages (B). Pretreatment with the P2Y receptor agonist ADP desensitized the Ca^2+^ response of the swine kidney macrophages to 4 mM ATP (C). Traces obtained from two or three independent experiments are shown (B, C). The cells were permeabilized by treatment with 0.2% Triton X-100, and the maximum fura-2 fluorescence was measured (closed circles).](gr2){#f0010}

![ATP-induced P2X7R-mediated maturation and release of IL-1β and membrane pore formation were not observed in the LPS-primed swine kidney macrophages. mIL-1β release was detected in the LPS-primed mouse KM-1 cells after ATP stimulation (A, sup, first panel). The ATP-induced mIL-1β release was enhanced when the cells were incubated in Ca^2+^/Mg^2+^-free buffer (A, sup, first panel), whereas it was inhibited by co-treatment with A438079 (B, sup). ATP-induced mIL-1β release was not detected in the LPS-primed swine kidney macrophages even when they were incubated in Ca^2+^/Mg^2+^-free buffer, whereas nigericin, a K^+^/H^+^ ionophore, triggered mIL-1β release (A, sup, third panel). Immunoblots are representative of at least three independent experiments. YO-PRO-1 uptake, which preceded PI uptake, was detected in the LPS-primed KM-1 cells after stimulation with 4 mM ATP (C, closed and open circles). Negligible ATP-induced YO-PRO-1 and PI uptake were observed in the LPS-primed swine kidney macrophages (C, closed and open triangles). Maximum dye uptake was estimated after permeabilizing the cells with 0.2% Triton-X100 (C). Fluorescence is expressed in arbitrary units, and the data are shown as mean±SEM values (*n*=3).](gr3){#f0015}

![ATP-induced P2X7R-mediated sustained Ca^2+^ influx, and IL-1β maturation and release were not observed in the swine liver-derived macrophages despite the fact that they expressed P2X7R. P2X7R agonists (ATP and BzATP) failed to trigger sustained increases in the \[Ca^2+^\]~i~ of the swine liver macrophages, whereas LPC triggered a sustained \[Ca^2+^\]~i~ increase (A). ATP-induced mIL-1β release was not detected in the LPS-primed swine liver macrophages, whereas nigericin triggered mIL-1β release (B). P2X7R mRNA and protein expression was detected in the swine liver macrophages by RT-PCR (C) and by immunoblotting (D), respectively. Equivalent protein loading in each lane was confirmed by immunoblotting with anti-actin antibody (D). All data shown are representative of two or three independent experiments.](gr4){#f0020}
